Branched oligonucleotides with symmetric arms 6-15 which may contain biotin as a second recognition code were prepared. These molecules are designed to be used for the directed assembly of nanomaterials. The branched structure of the desired oligonucleotides was confirmed by mass spectrometry on small branched oliognucleotides, by gel electrophoresis and by hybridization with complementary oligonucleotide-nanoparticle conjugates followed by visualization of the complexes by transmission electron microscopy.
We describe the preparation of branched oligonucleotides (scheme 1) consisting of two or more sequences connected by a non-DNA material such as hexaethyleneglycol. This type of oligonucleotide may be used to assemble nanomaterials. Moreover, the presence of biotin in these oligonucleotides may direct a nanoparticle to the middle of the structure using streptavidine carrying a nanoparticle [13, 14] . Here we describe the preparation of branched oligonucleotides with two, three and four arms of identical sequence. These molecules may allow the assembly of complex nanostructures by hybridisation of a few simple elements [15] .
Results. - 
Synthesis of branched oligonucleotides carrying two identical arms.
Oligonucleotides 6 and 7, with two identical arms, were prepared by sequential addition of phosphoramidites (scheme 2). Starting from the 3'-end, the first half of the sequence was assembled using standard phosphoramidites. Subsequently, hexaethyleneglycol (oligonucleotides 6 and 7) and biotin-tetraethyleneglycol (oligonucleotide 7) phosphoramidites were added. Finally, the second half of the molecule was assembled using reversed phosphoramidites.
Next, the synthesis of oligonucleotides 8 and 9 which have the opposite polarity to oligonucleotides 6 and 7 was undertaken. In this case, synthesis was begun in the middle of the molecule using a solid support containing a branching molecule, and both strands were synthesized simultaneously (scheme 3). Although this strategy required a special solid support, there was no need for reversed phosphoramidites.
1, 3-Diamino-2-propanol was reacted with γ-butyrolactone to yield the desired triol 1 (scheme 4) [3] . The two primary alcohols were protected with the (MeO) 2 Tr group by reaction of triol 1 with an excess of dimethoxytrityl chloride in pyridine [3] . Compound 2 was incorporated on controlled pore glass (CPG) using the hemisuccinate derivative (3) as described [16, 17] .
The resulting support carrying the symmetric branching molecule (4) was tested by the preparation of a short oligonucleotide sequence (8) . After the assembly of four thymidines, the solid support was treated with ammonia and the resulting oligonucleotide 8 carrying two dimethoxytrityl [(MeO) 2 Tr] groups was purified by HPLC. One single peak (purity 97%) was obtained, which had the expected molecular weight (M+H found 3333, expected for C 133 H 162 N 18 O 65 P 8 3300).
Branched oligonucleotide 9 which has two identical arms of 20 bases was prepared. The standard 1-µmol synthesis cycle was used. Overall synthesis yield, judged by the absorbance of the (MeO) 2 Tr group released on each detritylation, was 60% (98% step yield). In agreement with trityl values, analysis of the bis-[(MeO) 2 Tr]-oligonucleotide 9 by HPLC gave a major peak in the area of elution of tritylated oligonucleotides which was 54% of the total absorbance. The sample that produced this peak was treated with acetic acid and analyzed by 15% polyacrylamide, 8M urea gel electrophoresis. A single band with the mobility of a 40-base oligonucleotide was observed (data not shown).
Synthesis of branched oligonucleotides carrying three identical arms.
The use of the symmetric branching molecule to prepare oligonucleotides carrying three branches was examined on oligonucleotides 10, 11 and 12. First, a short oligonucleotide (10) was prepared. Four thymidines were assembled using standard phosphoramidites. Thereafter, the symmetric branching phosphoramidite (5) was added to the sequence and, finally, four more thymidines were assembled using standard phosphoramidites and coupling times of 5 min. After ammonia treatment, the desired oligonucleotide 10 was obtained and characterized by mass spectrometry (M+H found 3936, expected for C 133 H 180 N 26 O 89 P 12 3938).
Subsequently, the synthesis of oligonucleotides 11 and 12 was undertaken. The method was similar to the synthesis of oligonucleotides 8 and 9 (scheme 3). First the 20 mer sequence was built in the 3´->5' direction using standard phosphoramidites and the hexaethyleneglycol phosphoramidite. In oligonucleotide sequence 12 the biotin-tetraethyleneglycol was added at this point. Thereafter, the symmetric branching phosphoramidite (5) was added to the sequence and, finally, the rest of the desired sequence was assembled in the 5'->3' direction using reversed phosphoramidites and the hexaethyleneglycol phosphoramidite. During the assembly of the second part, we observed the duplication of the amount of (MeO) 2 Tr released during detritylation. This is in agreement with the duplication of the second part of the sequence. Coupling yields for the assembly of the second half were lower than the yields during the assembly of the first part (20% overall yield compared with 80%). This may be due to the use of reversed phosphoramidites and hexaethyleneglycol phosphoramidite and steric hindrance at the branching point. HPLC analysis revealed two products in the area of elution of (MeO) 2 Tr-containing oligonucleotides ( Figure 1 ). We assigned the first peak to an oligonucleotide with two complete arms and a third one incomplete. This oligonucleotide contained a single (MeO) 2 Tr group, and so it eluted first. The second peak corresponds to the desired sequence carrying two (MeO) 2 Tr groups, and thus eluted later.
A range of conditions were examined in an attempt to increase the yields of branched oligonucleotides. These changes include: a) increase the coupling time to 300 s, b) increase the amount of phosphoramidite by using 0.2 M solutions instead of 0.1 M solutions and c) a cycle with a double coupling protocol. All the changes improved the elongation of the second half of the oligonucleotide, the most effective being the increase of the coupling time and the double coupling protocol. The optimized cycle with increased coupling time and double coupling protocol was used for the preparation of oligonucleotides 11 and 12. Using the new cycle the overall yield rose from 20% to 80%, similar to the yields that were obtained without the introduction of the branching point. HPLC analysis gave two peaks in the area corresponding to (MeO) 2 Tr-containing oligonucleotides ( Figure   1 ). This time, the second peak, assigned to the desired sequences, was larger (area ratio in the second synthesis 2:3, area ratio in the first synthesis 3:1) than the first peak, assigned to truncated sequences. A similar result was obtained during the preparation of sequence 11. The products were analyzed by denaturing polyacrylamide gel electrophoresis (PAGE) (20% polyacrylamide, 8 M urea, Figure 2 ). As expected, the product with the desired length was in peak II. Peak I contained truncated sequences, mainly near the branching point ( Figure 2 ).
The trimeric structure of oligonucleotide 11 was confirmed by hybridization with complementary oligonucleotide carrying gold nanoparticles followed by visualization of the assemblies by transmission electron microscopy (TEM). (4) followed by the addition of the phosphoramidite of the symmetric branching molecule (5) . In this way four hydroxyl groups were generated, on which the desired oligonucleotide sequence was assembled. First, a short oligonucleotide (13) was prepared. Four thymidines were assembled using standard phosphoramidites with increased coupling times.
After ammonia treatment, the desired oligonucleotide 13 was obtained and Table 2 ).
Discussion. The ability to control the assembly of nanomaterials from welldefined units is a key step that is expected to allow the exploitation of the technological potential of these materials. The use of the hybridisation properties of oligonucleotides is a promising approach [7] [8] [9] [10] [11] [12] . In this paper branched oligonucleotides with identical arms which may carry biotin (scheme 1) were prepared. These oligonucleotides are designed to be used as templates for the controlled assembly of nanomaterials . RNA [2] and these may be due to steric hindrance. We showed that three-armed oligonucleotides can easily be purified from truncated sequences using reversedphase HPLC as developed for standard oligonucleotides. 
Preparation of gold nanoparticles
Gold nanoparticles with an average diameter of 5 nm were prepared by tannic reduction of a gold salt as described in detail in [19] . 3,3',3''-Phosphinidenetris(benzenesulfonic acid) trisodium salt (phosphine) was added to gold solution until final phosphine concentration of 0.5M. The mixture was stirred for 10 h.
Solid NaCl was added to the solution until it turned from deep burgundy to purple color. The solution was centrifuged at 8,000 rpm for 20 min, the supernatant was discarded and the precipitated was redispersed in 0.5mM phosphine. Solution was precipitated again with NaCl, centrifuged and redispersed in 0.5× TBE buffer (final gold nanoparticle concentration 0.8µM).
Preparation of oligonucleotide-gold conjugates.
Thiolated oligonucleotide (16) complementary to oligonucleotides 11 and 15 was combined (50µM, 0.5× TBE buffer) with gold nanoparticle solution in 1:0.9
Au:DNA molar ratio mixing well. The resulting solution was brought to 50mM
NaCl (from 1M NaCl) and incubated overnight. Melting temperatures were measured at the maximum of the first derivative of the melting curve. Results: see Table 2 . 
